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The present study reports the development of an ionic silica based hybrid material containing the cat-
ionic pyridinium group, which was employed for the removal of the Reactive Red 194 textile dye from
aqueous solution. Three hybrid material samples were prepared with planned textural and chemical
properties, varying the inorganic precursor molar percentage in the sol–gel synthesis. The obtained sam-
ples were deﬁned as Py/Si-90, Py/Si-92 and Py/Si-94, where the number speciﬁes the inorganic molar per-
centage. The hybrid samples were characterized by elemental, infrared, 13C and 29Si NMR, N2 adsorption-
desorption isotherms and thermogravimetric analyses. The dye-removing ability of these adsorbents was
determined by the batch contact adsorption procedure. Effects such as pH value and adsorbent dosage on
the adsorption capacities were studied. Four kinetic models were applied. The adsorption was best ﬁtted
to Avrami fractional-order kinetic model for the three hybrid material samples. The kinetic data were also
adjusted to an intra-particle diffusion model resulting three linear regions, indicating that the adsorption
kinetics follows multiple sorption rates. The equilibrium data were ﬁtted to Langmuir, Freundlich and Liu
isotherm models. The maximum adsorption capacities were 165.4, 190.3 and 195.9 mg g1 for Py/Si-90,
Py/Si-92 and Py/Si-94, respectively. Simulated dye-house efﬂuents were used to check the applicability of
the proposed adsorbents for efﬂuent treatment. Dye loaded adsorbents were regenerated (>98.2%) by
using 0.4 mol L1 of NaOH solution as an eluent.
 2012 Elsevier Inc. Open access under the Elsevier OA license. 1. Introduction
Industrial activity generates large volumes of hazardous species
in their waste water efﬂuents [1]. Among these species, dyes repre-
sent an undesirable class of compounds requiring special treat-
ment, due to the fact that the presence of these compounds in
water reduces light penetration, precluding photosynthesis of the
aqueous ﬂora [2]. In addition, other features associated with dyes
may affect humans, causing allergies, dermatitis, skin irritations,
cancers and mutagenicity [3–5]. On the other hand, colored waters
are esthetically objectionable for drinking and other normal
purposes [6]. Therefore, puriﬁcation is required before releasing
industrial efﬂuents containing dyes into the environment [1,2,6].
Reactive Red 194 (RR-194) is a textile dye, used for coloring cotton
[7]. Therefore, there is a real interest in its removal from aqueous
solutions.
Dyes are a kind of organic compound with a complex aromatic
molecular structure that can bring bright and ﬁrm color to other
materials. However, the complex aromatic molecular structuresma@ufrgs.br (E.C. Lima).
evier OA license. of dyes make them stable and difﬁcult to biodegrade [8,9]. One
of the most employed methods for the removal of synthetic dyes
from aqueous efﬂuents is the adsorption procedure [10,11]. This
process transfers the dyes from the water efﬂuent to a solid phase,
decreasing remarkably the dye bioavailability to live organisms
[10,11]. The decontaminated efﬂuent could then be released to
the environment or the water could be re-utilized in the industrial
process. Subsequently, the adsorbent can be regenerated or stored
in a dry place without direct contact with the environment [12].
Different adsorbents have been proposed for the removal of
dyes from aqueous solutions [10–14]. Among these sorbents, the
organofunctionalized silica and silicates are being successfully
employed in removal process [12–14]. The silica supports do not
shrink or swell such as polymeric resins and biomaterials [1,2],
moreover present mechanical, thermal and chemical resistance
and may be used for several pre-concentration cycles, since the
adsorption process is reversible [12].
There are two main synthesis methods to prepare organofunc-
tionalized silica materials, the grafting reaction and sol–gel meth-
od. In the ﬁrst, an organosilane containing an appropriate organic
group reacts with the silica matrix surface to obtain highly dis-
persed organic groups [15–17]. The textural and morphological
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od, the resulting silica based hybrid material is obtained from
hydrolysis and condensation reactions, starting from molecular or-
ganic and inorganic precursors solution that turn into a solid
where the molecular dispersion is maintained [18,19]. In this
method, it is possible to interfere in the system, by changing the
synthesis conditions aiming to design materials with desired tex-
tural properties as pore size distribution and surface area [20].
Using the sol–gel method, the incorporation of a large fraction of
the organic amount is performed varying the molecular organic/
inorganic precursor’s ratio [21]. Additionally, as the synthesis can
be carried out at room temperature, it is possible to incorporate
biomolecules [22], enlarging the possibilities for application of
the hybrid materials.
Among the ensemble of organofunctionalized silica materials,
there are those that have charged organic groups [12,23–27],
which present a very important characteristic of ion-exchange
capacity. A cationic group that has successfully used in the synthe-
sis of charged hybrids is the pyridinium, which was applied as an-
ion exchanger [24,25], anion metal complex adsorbent [26,27] and
stationary phase for liquid chromatography [28].
In the present work, both the methods were associated: ﬁrstly,
sol–gel hybrid matrices rich in organic groups were prepared, and
subsequently, it was made a grafting reaction to bind the ionic
pyridinium group. The resulting ionic hybrid materials were ap-
plied as adsorbent for RR-194 textile dye removal from aqueous
solutions.2. Experimental
2.1. Reagents and solutions
Tetraethylorthosilicate (TEOS) and 3-chloropropyltrimethoxysi-
lane (CPTMS) were purchased from Aldrich. Ethanol absolute, pyr-
idine, toluene, HF and ethyl ether were purchased from Merck. All
the reagents were used as received.
Deionized water was used throughout the experiments for solu-
tion preparation. The textile dye, Reactive Red 194 (RR-194; C.I.
18214; CAS 23354-52-1; C27H18N7O16S5ClNa4; 984.21 g mol1),
was furnished by Dynasty Colourants Co. at 80% purity. The dye
was used without further puriﬁcation. The stock solution was pre-
pared by dissolving the dye in distilled water to a concentration of
5.00 g L1. Working solutions were obtained by diluting the dye
stock solutions to the required concentrations. To adjust the pH
of the solutions, 0.10 mol L1 sodium hydroxide or hydrochloric
acid was used. The pH of the solutions was measured using a
Schott Lab 850 set pH meter.2.2. Synthesis of the adsorbent hybrid material
The synthesis procedure of the hybrid material samples was
adapted from previous reports [25,26]. In the present work, HF
was used as a catalyst for the gelation process, and larger proportion
of TEOS inorganic precursor was used than the previous reports,
aiming to obtain mesoporous structures [18]. Three adsorbent hy-
bridmaterial sampleswere prepared by the sol–gel synthesismeth-
od, varying molar percentage of the precursors TEOS and CPTMS. It
was used 90%, 92% and 94% (molar) of TEOS, and the samples were
assigned as Py/Si-90, Py/Si-92 and Py/Si-94, respectively. The quan-
tities of TEOS and CPTMS are speciﬁed in Supplementary Table 1. For
each sample synthesis, it was used the following procedure: ﬁrstly,
the TEOS was pre-hydrolyzed by adding 80 mL of ethanol and
8.0 mL of distilled water with constant stirring for 2 h at room tem-
perature. Subsequently, it was added CPTMS, 8.0 mL of distilled
water containing 16 drops of HF (40% w/w). The mixture was keptunder constant stirring for 40 min at room temperature, followed
by a temperature increasing up to 40 C for gelation. Afterward,
the material samples were dried at 110 C for 2 h and called Si-90,
Si-92 and Si-94. In a second step to achieve the grafting reaction
of the ionic pyridinium group, the obtained solid was powdered
and 6.5 g was immersed in a round bottomed ﬂask containing
70.0 mL of 2.5 mol L1 pyridine solution in toluene. The mixture
was heated at the reﬂux temperature for 24 h. The solid was sepa-
rated from the solution and washedwith toluene, ethanol and ethyl
ether. The resulting solid was heated to 110 C, for 2 h under vac-
uum, to eliminate the residual solvent.
2.3. Characterization of the adsorbent hybrid material
The carbon, nitrogen and chloride elemental analyses of the
hybrid material samples were made as follows: Nitrogen and car-
bon were analyzed using a CHN Perkin Elmer M CHNS/O Analyzer,
model 2400. The values were obtained in duplicate. To determine
the amount of exchangeable chloride ions in hybrid materials,
100.0 mg of the solid was immersed in 30.00 mL of 0.1 mol L1
HNO3 solution and the displaced chloride ions in the solution
phase were titrated with standard 0.0250 mol L1 AgNO3 solution,
using the potentiometric method. The amount of exchangeable
chloride ions found is equivalent to the amount of pyridinium
groups available in the hybrid material samples. The determina-
tions were carried out in duplicate.
The hybrid material samples were submitted to transmission
FTIR analysis using an IR cell that allows obtaining spectra of sam-
ples after heat treatment in vacuum, without air exposition. The IR
cell was described elsewhere in detail [29]. Self-supporting disks of
the materials, with a diameter of 2.5 cm, weighing ca. 100 mg were
prepared. The disks were heated at 200 C, under vacuum
(102 Torr) for 1 h. The spectra of the samples were obtained at
room temperature, using a Varian 640 FT-IR Spectrometer, with a
resolution of 4 cm1 and 150 cumulative scans.
The CP MAS 13C and 29Si NMR spectra of the hybrid material
samples were obtained on a Bruker AC 300P spectrometer. 13C
spectra were obtained with a pulse sequence of 4 ms contact time
and interval between pulses of 1 s and an acquisition time of
0.041 s. 29Si spectra were obtained using pulse sequences with
3 ms contact time, an interval between pulses of 2 s and acquisi-
tion time of 0.041 s. The chemical shifts were calibrated against
TMS standard.
The thermogravimetric analysis of the samples was performed
under nitrogen ﬂow on a TA Instrument system model TGA
Q5000, with a heating rate of 20 C min1, from room temperature
up to 700 C.
The N2 adsorption-desorption isotherms of samples were deter-
mined at liquid nitrogen boiling point, using a Tristar Krypton 3020
Micromeritics equipment. The samples were previously degassed
at 140 C under vacuum, for 4 h. The speciﬁc surface areas were
determined by the BET (Brunauer, Emmett and Teller) multipoint
technique, and the pore size distribution was obtained by using
the BJH (Barret, Joyner and Halenda) method [30].
2.4. Adsorption studies
The adsorption studies for the evaluation of the Py/Si-90, Py/Si-
92 and Py/Si-94 adsorbents for the removal of the RR-194 dye from
aqueous solutions were carried out in triplicate using the batch
contact biosorption method. For these experiments, 30.0 mg of
the adsorbents was placed in 50 mL cylindrical high-density poly-
styrene ﬂasks (117 mm height and 30 mm diameter) containing
20.0 mL of dye solutions (10.00–1000.0 mg L1), which were agi-
tated for a suitable time (0.083–24 h) at 25 C. The pH of the dye
solutions ranged from 3.0 to 8.0. Subsequently, in order to separate
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fuged at 12,000 rpm for 5 min using a Unicen M Herolab centrifuge
(Stuttgart, Germany), and aliquots of 1–10 mL of the supernatant
were properly diluted with an aqueous solution ﬁxed at a suitable
pH value.
The ﬁnal concentrations of the dye remaining in the solution
were determined by visible spectrophotometry using a T90 + UV–
VIS spectrophotometer furnished by PG Instruments (London, Eng-
land) provided with quartz optical cells. Absorbancemeasurements
were taken at the maximumwavelength of 505 nm for RR-194 dye.
The amount of dye adsorbed and the percentage of removal of
the dye by the adsorbents were calculated by applying the Eqs.
(1) and (2), respectively:
q ¼ ðCo  Cf Þ
m
 V ð1Þ
% Removal ¼ 100 ðCo  Cf Þ
Co
ð2Þ
The experiments of desorption were carried out according to
the procedure: a 100.0 mg L1 of RR-194 dye was shaken with
50.0 mg of each Py/Si-90, Py/Si-92 and Py/Si-94 adsorbents for
1 h. Then, the loaded adsorbents were ﬁltered in 0.2 lm cellulose
acetate, and they were ﬁrstly washed with water for removing
non-adsorbed dye. Then, the dye adsorbed on the adsorbents was
agitated with 20.0 mL of: NaOH aqueous solutions (0.05–
0.5 mol L1) and NaCl (0.05–0.5 mol L1) for 15–60 min. The des-
orbed dye was separated and estimated as described above.
2.5. Kinetic and equilibrium models
For the evaluation of the kinetics of adsorption, the following
models were tested: Avrami fractionary order [31], pseudo-ﬁrst-
order [32], pseudo-second-order [33] and intra-particle diffusion
model [34]. These equations are depicted on Supplementary Table
2.
For the evaluation of the equilibrium isotherm, the following
isotherm models were tested: Langmuir [35], Freundlich [36] and
Liu [37]. These equations are depicted in Supplementary Table 3.
2.6. Quality assurance and statistical evaluation of the kinetic and
isotherm parameters
To establish the accuracy, reliability and reproducibility of the
collected data, all the batch adsorption measurements were per-
formed in triplicate. Blanks were run in parallel, and they were cor-
rected when necessary [38].
All dye solutions were stored in glass ﬂasks, which were cleaned
by soaking in 1.4 mol L1 HNO3 for 24 h and rinsing ﬁve times with
deionized water, dried, and stored in a ﬂow hood [38].
For analytical calibration, standard solutions with concentra-
tions of the dye ranging from 5.00 to 150.0 mg L1 of the dye were
employed, running against a blank solution of water adjusted to
pH 6.0. The linear analytical calibration of the curve was furnished
by the UVWin software of the T90 + PG Instruments spectropho-
tometer. The detection limit of the method, obtained with a sig-
nal/noise ratio of 3, was 0.12 mg L1 of RR-194 [39]. All the
analytical measurements were taken in triplicate, and the precision
of the standards was better than 3% (n = 3). For checking the accu-
racy of the RR-194 dye sample solutions during the spectrophoto-
metric measurements, standards containing dyes at 50.0 mg L1
were employed as a quality control every ﬁve determinations.
The kinetic and equilibrium models were ﬁtted by employing a
nonlinear method, with successive interactions calculated by the
method of Levenberg–Marquardt and also interactions calculated
by the Simplex method, using the nonlinear ﬁtting facilities ofthe software Microcal Origin 7.0. In addition, the models were also
evaluated by adjusted determination factor, R2adj, as well as by an
error function, Ferror, which measures the differences in the amount
of dye taken up by the adsorbent predicted by the models and the
actual q measured experimentally [40]. R2adj and Ferror are given be-
low, in Eqs. (3) and (4), respectively [40]:
R2adj ¼ 1 1
Pn
i ðqi;expqi;expÞ2
Pn
i ðqi;expqi;modelÞ2Pn
i ðqi;expqi;expÞ2
 !
 n1
np
 " #( )
ð3Þ
Ferror ¼
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
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n p
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
Xn
i
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s
ð4Þ2.7. Simulated dye-house efﬂuent
Two synthetic dye-house efﬂuents containing ﬁve representa-
tive reactive dyes used for coloring ﬁbers and their corresponding
auxiliary chemicals were prepared at two different pH values,
using a mixture of different dyes most often applied to textile ﬁ-
bers industries. According to the practical information obtained
from a dye-house, typically 20% of the reactive dyes and 100% of
the dyebath auxiliaries remain in the spent dyebath and its compo-
sition suffer a 5–30-fold dilution during subsequent washing and
rinsing stages [41]. The concentrations of the dyes and auxiliary
chemicals selected to imitate the exhausted dyebath are given in
Supplementary Table 4.3. Results and discussion
3.1. Synthesis and characterization of adsorbent hybrid material
The adsorbent hybrid material is represented in Supplementary
Fig. 1, where the ionic pyridinium chloride group can be observed.
The composition of the hybrid material samples, obtained from
carbon, nitrogen and chloride elemental analysis, is showed in Ta-
ble 1. It can be observed that the pyridinium group amount is re-
lated to the CPTMS organic precursor quantity added in the
synthesis (see Supplementary Table 1). The sample Py/Si-90, where
it was added 10 mol% of CPTMS, shows the higher organic content,
while the Py/Si-94 shows the lower value, for the three elemental
analyses, carbon, nitrogen and chloride. It is evidence that from the
proposed experimental conditions it was possible to obtain adsor-
bent hybrid samples with varied pyridinium group amount. It is
important to point out that the values of the three analyses are
close, even regarding the differences between the analytical tech-
niques used.
The hybrid material samples were submitted to infrared analy-
sis, and the spectra are shown in Fig. 1.
Typical spectra of hybrid materials with both organic and inor-
ganic components can be observed. The organic moiety of the hy-
brid can be identiﬁed by the strong absorption bands at 1634 and
1487 cm1, assigned to 8a and 19b modes of pyridinium ion ring
[42]. The inorganic component can be also identiﬁed from the typ-
ical silica overtone bands at 1980 and 1685 cm1 [29,43] and also
from the silanol stretching between 3700 and 3500 cm1 [43,44].
The presence of the pyridinium ion in the samples heat treated
at 200 C, in vacuum, is an evidence of the high thermal stability
of the organic groups, indicating that they are bonded in a covalent
way. The band area of the strong 8a vibrational mode of pyridini-
um ring at 1634 cm1 was used to estimate the relative amount
of the pyridinium group in the samples. Considering the possible
heterogeneity in the disk thickness and taking into account the po-
sition changes in the infrared beam, the band areas were calculated
Table 1
Elemental analysis and textural results.
Py/Si-90 Py/Si-92 Py/Si-94
Elemental analysis
Carbon analysisa ± 0.02 mmol g1 1.19 1.06 0.89
Nitrogen analysisa ± 0.03 mmol g1 1.10 0.99 0.81
Chloride analysisb ± 0.01 mmol g1 0.95 0.87 0.63
Infrared band area ratioc 1.21 1.03 0.77
BET área (±5 m2 g1) 134 141 155
Pore volume (±0.02 cm3 g1 0.39 0.46 0.52
RR-194 dye uptake
mg g1 165.4 190.3 195.6
mmol g1 0.168 0.193 0.199
Pyridinium group/RR-194 dye molar ratiod 5.65 4.46 3.16
Surface density of pyridinium groups (d) (mmol nm2) 4.26 3.71 2.45
Intermolecular distance of pyridinium groups (l) (nm) 0.48 0.52 0.64
a Obtained by elemental analysis, mmol of pyridinium group per gram of adsorbent.
b Obtained by potentiometric analysis, mmol of pyridinium group per gram of adsorbent.
c (band area of pyridinium ring at 1634 cm1)/(silica overtone band area at 1865 cm1).
d The chloride analysis was used as a pyridinium group amount.
Fig. 1. Absorption infrared spectra of the hybrid material samples obtained at room
temperature, after heat treatment at 200 C in vacuum. The bar value is 0.2.
Fig. 2. CP MAS 13C NMR spectra of hybrid material samples.
Fig. 3. CP MAS Si29 NMR spectra of hybrid material samples.
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[29]. The obtained values are showed in the Table 1. It is possible
to observe that the high value was obtained for Py/Si-90 sample,
while the lower value was found for Py/Si-94 sample, in accor-
dance with the elemental analysis.
Additional structural characterization was performed by CP
MAS 13C NMR, and the results are presented in Fig. 2.
The 13C NMR signals at 9.4, 25.4, 63.9, 129.2 and 145.1 ppm
were assigned to the propylpyridinium [25]. These results conﬁrm
that the grafting reaction took place and that the ionic pyridinium
group is immobilized on silica surface by covalent bond, in accor-
dance with the infrared analysis discussed above. As already dem-
onstrated in previous report [44], the signal 30 at 46.2 ppm is due to
a fraction of unreacted -carbon of CPTMS precursor, as represented
in inset Fig. 2. The grafting reaction can occur in an incomplete
way, since in a sol–gel matrix a fraction of chloropropyl groups
can be inaccessible to pyridine. This can be related to diffusion pro-
cess or to the presence of chloropropyl in close pores.
Fig. 3 shows the CP-MAS 29Si NMR results, and the presence of
two different peak regions can be observed. The ﬁrst around60 as-
signed to T species, which corresponds to silicon atoms bonded to
carbon atoms of organic groups and a second region in more nega-
tive values, due to silicon atoms of siloxane and silanol groups, as
speciﬁed in Supplementary Table 5 [45–47]. For all hybrid materialsamples, in the ﬁrst region, it was observed predominantly T3 units
[R  Si(OSi)3] at 66.6, where R is the propylpyridinium group. In
Fig. 5. Pore size distribution curves of hybrid material samples.
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100.5 and 110.1, which corresponds to Q3 [(SiO)3SiOH] and
Q4 [(SiO)4Si] units. These results are evidence that the inorganic
and organic components of the hybrid material samples are very
crosslinked, but the samples should present an appreciable speciﬁc
surface area, due to the silanol presence conﬁrmed by the Q3 units.
Additionally, it is possible to observe in the Fig. 3 a slight decrease in
the peak intensity of the T3 units, fromPy/Si-90 to Py/Si-94, in accor-
dance with the elemental analysis shown in Table 1.
The hybrid material samples were submitted to thermogravi-
metric analysis. The obtained curves are presented in Fig. 4. The
major weight loss occurs between 250 and 350 C, for all samples,
and it is ascribed to organic phase decomposition. Therefore, the
samples showed a good thermal stability up to 200 C, in accor-
dance with the infrared analysis. It is important to point out that
the thermal stability of the materials undergoes a slight increasing
with the growing of the inorganic amount. It was observed a differ-
ence in about 20 C from Py/Si-90 to Py/Si-94. Similar results were
already reported [47,48]. From the thermogravimetric curves, it is
also possible to observe the water desorption region, from room
temperature to 130 C. The sample that shows the higher water
desorption amount was the Py/Si-90, which is the sample that con-
tains the greater organic amount. This result was interpreted con-
sidering the presence of hydrophilic ionic pyridinium group. This
characteristic was already reported for hybrid materials containing
charged organic groups [49]. Additionally, it is observed that even
after the thermal decomposition of the organic groups, a plateau
was not attained, because the dehydroxylation of the silica surface
with water loss can occur at least up to 800 C [50].
The textural characteristics of the hybrid material samples were
also investigated using the N2 adsorption-desorption isotherms,
obtained at temperature of 196 C. The isotherms were classiﬁed
as type IV, typical of mesoporous materials [30]. The BET speciﬁc
surface area and the pore volume results are presented in Table
1, and the higher values were achieved for Py/Si-94 sample. The
pore size distribution curves, obtained from de N2 desorption iso-
therms, are shown in Fig. 5. It was observed that the three samples
present similar layout, with pore size distribution in the mesopor-
ous region. However, from the Py/Si-90 to Py/Si-94 sample, the
curves undergo a shift to higher pore size. The Py/Si-94 hybrid
material sample shows the higher pore diameter values, with a
curve maximum in 13.2 nm. Therefore, it can be inferred that the
three samples present BET speciﬁc surface area and pore volume
that allow their use as adsorbent materials [12–14].Fig. 4. TGA curves of the hybrid material samples.3.2. Preliminary adsorption studies
In order to verify the effect of the pyridinium group on the sorp-
tion of RR-194 dye, experiments of adsorption were conducted
using 30 mg of adsorbent material, 20.00 mL of 100 mg L1 n RR-
194 dye at pH 6.0, time of contact of 5 h, and the following adsor-
bents Py/Si-90, Py/Si-92, Py/Sy-94 and Si-90, Si-92 and Si-94. The
last three adsorbents represent the adsorbent prepared by the
sol–gel process without the pyridinium group. The percentage of
dye removal using the silica gel without the organic grafting ran-
ged from 0.15% to 0.46%; however, the pyridinium grafted silica
gel material presented a percentage of removal ranging from 86%
to 92% of dye removal. These results indicated that the pyridinium
group plays a role on the adsorption of RR-194 dye, and they
should be investigated in the further adsorption experiments.
However, the silica gel without the pyridinium group should be ru-
led out from the new adsorption experiments.
3.3. Effects of pH on adsorption
One of the most important adsorption features is the effect of
the medium acidity [51]. Different species adsorbed will present
different ranges of suitable pH for adsorption. The effect of the ini-
tial pH on RR-194 adsorption capacity using Py/Si-90, Py/Si-92 and
Py/Si-94 adsorbents was evaluated within a pH range from 3 to 8
as shown in Supplementary Fig. 2. Dye removal was practically
constant for a pH ranging from 3.0 to 8.0 using all adsorbent sam-
ples. Taking into account that industrial efﬂuents containing dyes
are usually adjusted to pH values from 5.5 to 6.5 [38], the initial
pH of the adsorbate solutions was ﬁxed at 6.0.
The RR-194 is an anionic dye containing three sulfonate groups
and one sulfato-ethyl-sulfone group (see Supplementary Fig. 3)
that present four negative charges even at higher acidic solutions
because their pKa values are very low [52]. On the other hand,
the adsorbents Py/Si-90, Py/Si-92 and Py/Si-94 present positive
charges (see Supplementary Fig. 2); therefore, the mechanism of
interaction adsorbent–adsorbate should be an ion-exchange mech-
anism. As adsorbents (positive charges) and adsorbate (negative
charges) did not change their charges at pH interval of 3.0–8.0,
the interaction of then was not dependent of the pH of adsorbate
solution.
3.4. Kinetic studies
Adsorption kinetics is an important feature to be considered in
aqueous efﬂuent treatments as it provides valuable information on
E.W. de Menezes et al. / Journal of Colloid and Interface Science 378 (2012) 10–20 15the mechanism of adsorption. Attempting to describe the dye
adsorption by all adsorbents, three kinetic models were tested,
and its kinetic parameters obtained for these models are listed in
Table 2.
It is important to point out that the initial RR-194 concentra-
tions employed during the kinetic studies were relatively high
(200.0 and 300.0 mg L1) when compared with other studies re-
ported in the literature [1,2,6,10,12–14]. The Py/Si-90, Py/Si-92
and Py/Si-94 adsorbents have very high adsorption capacities and
adsorb practically all the RR-194 dye when the initial adsorbate
concentrations are lower than 100 mg L1.
The Avrami fractionary kinetic order, as shown in Table 2, was
suitably ﬁtted, presenting low Ferror values and also high R2 values,
for two initial dye concentration levels. The lower the Ferror is, the
lower will be the difference of the q calculated by the model from
the experimentally measured q. Additionally, it was veriﬁed that
the qe values found using fractionary order were in better agree-
ment with the experimental data. For all other models, the q values
were not so coincident with the qe experimental values. These re-
sults indicate that the fractionary-order kinetic model is the best
approach to the adsorption of RR-194 by Py/Si-90, Py/Si-92 and
Py/Si-94 adsorbents. Taking into account that the best kinetic mod-
el ﬁtted to the experimental data was the Avrami model, the curves
of this model are presented in Fig. 6A, C and E for the two levels of
concentration of RR-194 dye.
The kinetic parameters presented in Table 2 show that the kAV
values give a better description of the kinetic process than the pseu-
do-second-order kinetic constant, kS. The kAV values are indepen-
dent of the initial concentration, while the kS values are strongly
depended of that concentration. The variation of kAVwas lower than
5.1% using two different initial concentration of RR-194 compared
with a kS variation of at least 14.5%. Therefore, the fractionary ki-
netic model provides a rate constant parameter, which is much bet-
ter for comparison of different kinetic constants, using several
adsorbates and adsorbents. It should also be pointed out that the
pseudo-ﬁrst-order constant, kf, rate does not present signiﬁcant
variations when the initial dye concentration was increased from
200.0 to 300.0 mg L1 (0.23%), since its units is h1. Therefore, this
explanation reinforces that adsorption rate constants that do not
present the amount adsorbed in their units will not depend on
the initial dye concentration. The Avrami kinetic equation has beenTable 2
Kinetic parameters for RR-194 dye removal using Py/Si-90, Py/Si-92 and Py/Si-94 as adsor
Py/Si-90 Py/Si
200 mg L1 300 mg L1 200 m
Fractionary order
kAV (h1) 0.9272 0.9029 0.919
qe (mg g1) 118.1 138.7 106.7
nAV 0.8952 0.8743 0.847
R2adj 0.9999 0.9997 0.999
Ferror 0.4648 0.7693 0.519
Pseudo-ﬁrst-order
kf (h1) 1.005 1.000 1.044
qe (mg g1) 115.1 134.3 102.5
R2adj 0.9981 0.9971 0.995
Ferror 1.817 2.583 2.383
Pseudo-second-order
ks (g mg1 h1) 7.440  103 6.360  103 8.910
qe (mg g1) 140.2 163.6 124.0
R2adj 0.9982 0.9986 0.999
Ferror 1.739 1.781 1.164
Intra-particle diffusion
kid (mg g1 h0.5)a 20.00 31.69 23.51
a Second stage.successfully employed to explain several adsorption kinetic pro-
cesses [2,6,10–14,31,40,41,53–57]. The Avrami exponent, nAV, is a
fractionary number, which reﬂects mechanism changes that may
take place during the adsorption process [10–14].
Taking into account that the kinetic results presented in Table 2
and Fig. 6 ﬁt very well into the Avrami fractionary kinetic model,
the intra-particle diffusion model [34] was plotted in order to ver-
ify the inﬂuence of mass transfer resistance on the binding of RR-
194 to the adsorbents (Fig. 6B, D and F).
The possibility of intra-particle diffusion resistance affecting
adsorption was explored using the appropriate model [34]. The in-
tra-particle diffusion constant, kid (mg g1 h0.5), can be obtained
from the slope of the plot of qt (uptake at any time, mg g1) against
the square root of time. Fig. 6B, D and F shows plots of qt versus t1/2,
with multilinearity for the dye using Py/Si-90, Py/Si-92 and Py/Si-
94, respectively. These results imply that the adsorption processes
involve more than one single kinetic stage or sorption rate [6]. For
instance, the adsorption exhibited three stages, which can be
attributed to each linear portion of the Fig. 6B, D and F. The ﬁrst lin-
ear portion is the fastest step and is attributed to the diffusion of
RR-194 toward adsorbent. The second linear portion is a delay pro-
cess that corresponds to intra-particle diffusion. The third stage is
the diffusion through small pores and is followed by the establish-
ment of equilibrium [6].
It can be seen in the Fig. 6A, C and E that the minimum contact
time of RR-194 with the Py/Si-90, Py/Si-92 and Py/Si-94 adsorbents
required to reach the equilibrium was near 5 h for Py/Si-90, 4.5 h
for Py/Si-92 and 4.0 h Py/Si-94 adsorbents. It was observed that
the Avrami rate constant, kAV, for the adsorption of RR-194 on
Py/Si-92 and Py/Si-94 increased by an average of 3.0% and 24.3%,
respectively, when compared with the average kAV value of
Py/Si-90 adsorbent. For the intra-particle diffusion rate constant,
kid, obtained for the adsorption of RR-194 dye on Py/Si-92 and
Py/Si-94, adsorbents were on the average 11.7% and 46.5%, respec-
tively, higher than the average kid value obtained with the Py/Si-90
adsorbent. The faster kinetics of the RR-194 adsorbed on the Py/Si-
92 and Py/Si-94 adsorbent materials in relation to the adsorption
of the dye on Py/Si-90 adsorbent could be related to the textural
properties of these hybrid materials. Making an analysis of the
BJH pore size distribution curves of these adsorbent material sam-
ples (see Fig. 5), it was observed that the pore size distributionbents. Conditions: temperature was ﬁxed at 25 C; pH 6.0.
-92 Py/Si-94
g L1 300 mg L1 200 mg L1 300 mg L1
6 0.9651 1.109 1.166
154.3 85.44 126.8
4 0.8707 0.7694 0.8084
8 0.9998 0.9997 0.9998
7 0.8113 0.5260 0.5604
1.065 1.330 1.333
149.6 81.06 122.1
7 0.9969 0.9891 0.9930
2.955 2.906 3.523
 103 6.260  103 0.01610 0.01065
180.6 94.77 142.8
0 0.9983 0.9990 0.9988
2.163 0.8921 1.466
33.52 29.16 46.49
Fig. 6. Kinetic curves for adsorption of RR-194 on: (A) Avrami fractionary model using Py/Si-90 adsorbent; (B) intra-particle diffusion curve using Py/Si-90 adsorbent; (C)
Avrami fractionary model using Py/Si-92 adsorbent; (D) intra-particle diffusion curve using Py/Si-92 adsorbent; (E) Avrami fractionary model using Py/Si-94 adsorbent; and
(F) intra-particle diffusion curve using Py/Si-94 adsorbent.
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90, Py/Si-92 and Py/Si-94 samples, respectively. Additionally, the
ranges of these pore size distributions were 4–13 nm for Py/Si-
90, 4–15 nm for Py/Si-92 and 4–19 nm for Py/Si-94. These data
clearly demonstrate that a higher pore size sample would lead to
a faster kinetics of adsorption, because the large pores facilitate
the diffusion of the dye molecule inside the adsorbent pores,
increasing the intra-particle diffusion. As the adsorbate diffuses
through the pores of the adsorbent, the dye could be adsorbed at
the internal sites of the hybrid material samples [12]. In order to
continue this work, the contact time between the adsorbents andRR-194 dye was ﬁxed at 6 h using all adsorbent samples. This in-
crease in the contact time utilized in this work was to guarantee
that for RR-194 dye equilibrium would be attained even at higher
adsorbate concentrations.
3.5. Equilibrium studies
An adsorption isotherm describes the relationship between the
amount of adsorbate taken up by the adsorbent, qe, and the adsor-
bate concentration remaining in the solution after the system at-
tained the equilibrium, Ce. There are several equations to analyze
Fig. 7. Isotherm curves of RR-194 adsorption at 25 C on: (A) Py/Si-90; (B) Py/Si-92;
and (C) Py/Si-94. Conditions: pH was ﬁxed at 2.6; the adsorbent mass was ﬁxed at
30 mg; the contact time was ﬁxed at 6 h.
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ters of these equilibrium models often provide some insight into
the adsorption mechanism, the surface properties and afﬁnity of
the adsorbent. In this work, the Langmuir [35], the Freundlich
[36] and the Liu [37] isotherm models were tested.
The isotherms of adsorption showed in Fig. 7 were carried out at
25 C with RR-194 dye on the three adsorbents and were per-
formed using the best experimental conditions previously de-
scribed. Based on the Ferror (see Table 3), the Liu model was the
best isotherm for all the adsorbent samples studied, which means
that the q ﬁt by the isotherm model was close to the q measured
experimentally. The Freundlich isotherm model was not suitably
ﬁtted, presenting Ferror values of 8.8-, 20.2- and 28.1-fold higher
than the Ferror values obtained by the Liu isotherm model, using
the Py/Si-90, Py/Si-92 and Py/Si-94 adsorbents, respectively. Also,
the Langmuir isotherm model that was not suitably ﬁtted
presented values of Ferror of 10.7, 8.2 and 16.4-fold higher than
the Ferror values obtained for the Liu isotherm model, when using
the Py/Si-90, Py/Si-92 and Py/Si-94 adsorbents, respectively.
Based on the Liu isothermmodel, the maximum amounts of RR-
194 uptake were 165.4, 190.3 and 195.9 mg g1 for Py/Si-90, Py/Si-
92 and Py/Si-94 adsorbents, respectively. These values indicate
that these hybrid material samples are very good adsorbents for
the removal of RR-194 dye from aqueous solutions.
A further discussion can be made considering the amount of
pyridinium groups present on the surface taken from chloride
analysis, when compared to the maximum amount of RR-194
dye uptake, in mmol of dye per gram of adsorbent (Table 1). The
molar ratio between these two values represents the number of
pyridinium group for each dye molecule, also presented in Table
1. Although the RR-194 dye presents four exchangeable sites, the
pyridinium/dye molar ratio for the Py/Si-94 adsorbent was 3.16,
while the other adsorbent samples present a ratio higher than four
(Table 1), that is, there is an excess of pyridinium sites for Py/Si-90
and Py/Si-92 adsorbents. To explain such trend, we must make
some assumptions. If we assume that the pyridinium groups uni-
formly cover the surface, the surface density of the attached pyrid-
inium groups, d, can be deﬁned as [42]
d ¼ ðPy NÞ=SBET ð5Þ
where Py is the pyridinium group coverage (mol g1), N is Avoga-
dro’s number (mol1) and SBET is the speciﬁc surface area (nm2 g1).
The Py values applied were obtained from chloride elemental anal-
ysis, since these values represent the real exchangeable sites on the
surface. The average intermolecular distance of pyridinium groups, l
(nm), is deﬁned by
l ¼ ð1=dÞ1=2 ð6Þ
The d and l values are presented in Table 1.
It can be observed that for the Py/Si-94 adsorbent the density
was 2.45 pyridinium groups per nm2 of surface with an average
distance between them of 0.64 nm. Thus, if the pyridinium/dye
molar ratio for this adsorbent is 3.16, as discussed above, the dye
area that cover the adsorbent surface is estimated as 1.3 nm2. This
value is compatible with the dye dimension showed in Supplemen-
tary Fig. 4. Assuming this average contact area also for the other
samples, the amount of pyridinium groups present in 1.3 nm2 for
Py/Si-92 and Py/Si-90 adsorbents is 4.8 and 5.5 groups, respec-
tively. Thus, these values are higher than the four exchange sites
of the dye molecule. Therefore, in the present study, the limiting
factor for the dye uptake was the surface area instead of the
amount of the pyridinium exchangeable groups. From these
assumptions, it is possible to assert that the best adsorbent is not
necessarily the one that presents the greatest number of activesites, but also the material that has appropriate textural properties
like speciﬁc surface area, pore volume and pore diameter.
3.6. Treatment of a simulated dye-house efﬂuent
In order to verify the efﬁciency of the Py/Si-90, Py/Si-92 and Py/
Si-94 as adsorbents for removal of dyes from textile efﬂuents, sim-
ulated dye-house efﬂuents were prepared (see Supplementary Ta-
ble 4). Fig. 8 shows the UV-VIS spectra of the untreated efﬂuents
(pH 3.0 and 6.0) and treated with the adsorbents were recorded
from 350 to 800 nm. The area under the absorption bands from
Table 3
Isotherm parameters for RR-194 adsorption, using Py/Si-90, Py/Si-92 and Py/Si-94 as
adsorbents. Conditions: temperature was ﬁxed at 25 C; contact time was ﬁxed at 6 h;
pH 6.0.
Py/Si-90 Py/Si-92 Py/Si-94
Langmuir
Qmax (mg g1) 150.2 200.3 234.9
KL (L mg1) 0.2427 4.447  102 9.970  103
R2adj 0.9898 0.9898 0.9619
Ferror 5.006 5.190 11.55
Freudlich
K_F (mg g1 (mg L1)1/nF) 93.14 84.73 28.48
nF 12.41 7.543 3.219
R2adj 0.9893 0.9385 0.8881
Ferror 4.109 12.74 19.78
Liu
Qmax (mg g1) 165.4 190.3 195.9
Kg (L mg1) 0.3579 3.648  102 1.199  102
nL 2.117 1.6948 2.071
R2adj 0.9999 0.9998 0.9999
Ferror 0.4680 0.6325 0.7042
Table 4
Desorption of RR-194 dye loaded on Py/Si-90, Py/Si-92 and Py/Si-94 adsorbents.
Conditions for adsorption: initial RR-194 concentration 100 mg L1; mass of adsor-
bent 50.0 mg, pH 2.0; time of contact 1 h.
Eluent (mol L1) % Recovery
Py/Si-90 Py/Si-92 Py/Si-94
NaOH
0.05 75.2 74.3 75.6
0.1 85.3 86.3 85.7
0.2 97.6 97.9 96.5
0.3 97.3 97.3 97.4
0.4 98.4 98.2 98.2
0.5 98.6 98.6 98.1
NaCl
0.05 19.3 18.3 19.7
0.1 25.3 26.4 23.4
0.2 27.2 27.6 26.4
0.3 28.7 28.7 29.7
0.4 31.9 32.8 31.9
0.5 33.2 33.6 34.3
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ture removed from the simulated dye efﬂuents. The Py/Si-94
adsorbent removed 96.4% (Fig. 8A) of the dye mixture at pH 3.0
and 96.5% at pH 6.0 (Fig. 8B). The Py/Si-92 adsorbent removed
96.4% at the two efﬂuents (Fig. 8A and B). The Py/Si-90 adsorbent
removed 86.9% (Fig. 8A) of the dye mixture at pH 3.0 and 90.0%Fig. 8. UV–VIS spectra of simulated dye efﬂuents before and after adsorption
treatment with Py/Si-90; Py/Si-92; and Py/Si-94. (A) pH 3.0 and (B) pH 6.0. The
temperature was ﬁxed at 25 C.at pH 6.0 (Fig. 8B). The efﬁciencies of Py/Si-92 and Py/Si-94 adsor-
bents for treating simulated dye-house efﬂuents presented a
slightly better performance at two different pH values when com-
pared with Py/Si-90 adsorbent. This result is in agreement with the
previous results obtained in this work (see Section 3.4). However,
the Py/Si-90 adsorbent presented a slightly lower performance
for treating a simulated dye-house efﬂuent, and Py/Si-90 as well
as Py/Si-92 and Py/Si-94 adsorbents can be used for real textile
wastewater treatment.
3.7. Desorption experiments
In order to check the reuse of the Py/Si-90, Py/Si-92 and Py/Si-
94 adsorbents for the adsorption of RR-194 dye, desorption exper-
iments were carried out. The eluents such as NaOH aqueous solu-
tions (0.05–0.5 mol L1) and NaCl (0.05–0.5 mol L1) were tested
for the regeneration of the loaded adsorbent (see Table 4). For
the tree adsorbents, 0.4 mol L1 NaOH desorbed the dye uptaken
by the adsorbents immediately, and on the other hand, the recov-
eries of the adsorbent using aqueous NaCl in different concentra-
tions as regenerating solutions occurred with lower efﬁciently
even after 1 h of agitation (recoveries < 35%). This result conﬁrms
that the mechanism of dye uptake occurs by ion exchange between
the chloride ion from the Py/Si adsorbent with the anionic RR-194
dye. By adding excess of NaOH, the dye is released to the solution,
regenerating the adsorbent for further cycles of adsorption/desorp-
tion. Cycles of adsorption/desorption were carried out, and after
4 cycles, the efﬁciency for dye removal was decreased by about
5%. Therefore, the use of these adsorbents for dye adsorption could
be economically viable since it allows its regeneration.
4. Conclusion
Mesoporous silica hybrid material containing the cationic
pyridinium group was successfully obtained combining two syn-
thesis methods, the sol–gel synthesis and grafting reaction. The hy-
brid material was thermally stable at least up to 200 C, indicating
that the organic group is bonded in a covalent way. Three samples
were prepared varying the molar inorganic percentage (Py/Si-90,
Py/Si-92 and Py/Si-94), resulting in different quantities of pyridini-
um group and textural properties. These samples were applied as
adsorbents for RR-194 textile dye. It was observed that the per-
centage of dye removal was practically constant for a pH ranging
from 3.0 to 8.0 using all adsorbent samples. Three kinetic models
were used to adjust the adsorption, and the best ﬁt was the Avrami
E.W. de Menezes et al. / Journal of Colloid and Interface Science 378 (2012) 10–20 19fractional kinetic model. However, the intra-particle diffusion
model gave multiple linear regions, which suggested that the sorp-
tion may also be followed by multiple adsorption rates. The equil-
ibration times for RR-194 dye were obtained near 5 h for Py/Si-90,
4.5 h for Py/Si-92 and 4.0 h Py/Si-94 samples. This variation in the
kinetics adsorption was attributed to the differences in the pore
diameter. Larger pores result in lower time to attain equilibrium.
The equilibrium isotherms of RR-194 dye were obtained, being
these data better ﬁtted to the Liu isotherm model. The maximum
adsorption capacities were 165.4, 190.3 and 195.9 mg g1 for Py/
Si-90, Py/Si-92 and Py/Si-94 samples, respectively. The limiting
factor for the dye uptake was the surface area instead of the
amount of the pyridinium exchangeable groups. For the treatment
of simulated industrial textile efﬂuents, the Py/Si-92 and Py/Si-94
samples presented good performance for removing at least 96.4%
of the mixture of dyes in a medium containing high saline concen-
trations. Therefore, it can be inferred that the three samples can be
successfully employed as adsorbent materials for RR-194 textile
dye removal. However, the sample Py/Si-94, which presents higher
speciﬁc surface area, higher pore volume and also higher pore
diameter, shows the best results.
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Glossary
C: constant related to the thickness of the boundary layer (mg g1)
Ce: dye concentration at equilibrium (mg L1)
Cf: dye concentration at the end of the adsorption (mg L1)
Co: initial dye concentration (mg L1)
kAV: Avrami kinetic rate constant (h1)
KF: Freundlich constant related to adsorption capacity [mg g1 (mg L1)1/nF]
kf: pseudo-ﬁrst-order rate constant (h1)
Kg: the Liu equilibrium constant (L mg1)
kid: intra-particle diffusion rate constant (mg g1 h0.5)
KL: Langmuir equilibrium constant related to adsorption process (L g1)
ks: pseudo-second-order rate constant (g mg1 h1)
M: mass of adsorbent (g)
N: the number of experiments performed
nAV: fractionary reaction order (Avrami)
nF: dimensionless exponent of Freundlich equation
nL: dimensionless exponent of Liu equation
P: number of parameters of the ﬁtted model
Q: amount of the dye adsorbed by the adsorbent (mg g1)
qe: amount of adsorbate adsorbed at the equilibrium (mg g1)
20 E.W. de Menezes et al. / Journal of Colloid and Interface Science 378 (2012) 10–20qexp: average of q experimentally measured
qi,exp: each value of q measured experimentally
qi,model: each value of q predicted by the ﬁtted model
Qmax: maximum adsorption capacity of the adsorbent (mg g1)qt: amount of adsorbate adsorbed at time t (mg g1)
T: time of contact (min)
V: volume of dye in contact with the adsorbent (L)
